Abstract Estimating the potential for direct plant acquisition of organic N, in particular amino acids, requires assessment of their turnover times in soil. It is well known from 14 C studies that mineralization of amino acids occurs within hours, but mineralization to 14 CO 2 does not indicate the rate of disappearance of the intact amino acid or the possible formation of metabolites during amino acid dissipation. We here used compound-specific isotope analysis with metabolite tracking to investigate the dissipation rate of universally labeled intact N-asparagine concentrations used. Universally labeled aspartic acid and interestingly also universally labeled glutamic acid were detected in soil. This highlights the fast turnover of amino acid in soil and that the estimation of concentration of the formed compounds is important when evaluating plant available organic N. Efficiency of the compound-specific analysis showed to be a powerful technique in following the pathway of amino acids in soil.
Introduction
Plants can absorb a wide array of organic N compounds in soil, ranging from amino acids to proteins (Ohlund and Nasholm 2004; Paungfoo-Lonhienne et al. 2008; Warren and Adams 2007) . Among all organic N compounds, amino acids are the most studied. In soil solution, amino acid concentrations range from 0.1 to 500 μM (van Hees et al. 2005) with the actual availability affected by production rates, adsorption to soil particles, and uptake by microorganisms and plants. Microorganisms largely determine the fate of amino acids due to rapid mineralization to CO 2 or assimilation into cellular compounds. These transformations occur within minutes (Hill et al. 2012) to hours, and to assess what fraction of amino acid is plant available, knowledge on kinetics of intact amino acid loss from soil is required.
Choosing an appropriate methodology to measure dissipation rate is important. Often, degradation kinetics are estimated from CO 2 evolution after addition of 14 C-labeled compounds (Farrell et al. 2014a; Jones and Hodge 1999; Jones et al. 2009; Kielland et al. 2007 ), but mineralization of a 14 C-labeled compound into 14 CO 2 underestimates the actual disappearance rate of the compound . Likewise, retention of CO 2 as bicarbonate (HCO 3 − ) in soils with pH above 6.5 is another source of underestimation in 14 C-mineralization studies (Pepper et al. 1995) . Glanville et al. (2016) also pointed out that 14 CO 2 evolution is a poor estimate of substrate disappearance partly because 14 C from the added compound is used for both anabolic and catabolic processes. Thus, the direct detection of molecules, e.g., by gas or liquid chromatography mass spectrometry (GC-or LC-MS), provides clear evidence for intact substrate dissipation from soil and simultaneously enables onward tracking of its transformation products. During transformations (deamination, transamination, decarboxylation) of some amino acids (e.g., asparagine), other Electronic supplementary material The online version of this article (doi:10.1007/s00374-016-1132-6) contains supplementary material, which is available to authorized users. compounds may be formed (e.g., aspartic acid). Therefore, integrated information on the disappearance rate of intact amino acid and formation of its transformation products in soil help to obtain realistic estimates of what is available to the plant at certain time. Yet, very few studies traced intact amino acids in soil using compound-specific analysis, and even fewer tracked their transformation products (Geisseler and Horwath 2014) . In the present study, we investigated the dissipation rate of intact asparagine (Asn), a major transport molecule of N in plants (Lea et al. 2007 ) and the dominant amino acid in clover roots (Lesuffleur et al. 2007 ), using labeled 13 C 4 15 N 2 -Asn at two concentrations, 100 and 1000 μM, in agricultural soil over 3 h. We also measured the formation of labeled Asn transformation products, aspartic acid (Asp), glutamine (Gln), glutamic acid (Glu), and ammonium (NH 4 + ).The 100-μM treatment, although having exceeded the concentration reported for the bulk soil (Warren 2014) , was in the range of concentration found in the rhizosphere (van Hees et al. 2005) . The high 1000-μM treatment was included to obtain higher sensitivity in detecting transformation products. The study was based on the hypothesis that Asn would have a rapid turnover as expected from 14 CO 2 studies, but that the detection of transformation products would show the formation of other potentially plant-available organic N compounds before mineralization.
Materials and methods
Soil used in the study (sandy loam) was collected in April 2014. Soil was taken from eight different tilled blocks from the A horizon (5-15 cm) at the CENTS long-term field experiment on reduced versus normal tillage located in Foulum, Denmark (56°30′ N, 9°35′ E), and stored at 4°C. The properties of the soil were the following: water holding capacity 34.4 %, pH 6.1, bulk density 1.25 g cm −3
, total C 18 g kg , and organic matter 3.5 % (Chatskikh and Olesen 2007; Hansen et al. 2011) . The full methodological details are provided in Online Resource 1. Briefly, 4.2 μl (690.3 μg ml −1 ) and 5.5 μl (5225 μg ml ). Tubes were shaken for 60 min at 4°C on a shaker (Intelli-Mixer, In Vitro, Denmark) at 99 rpm. Then, the tubes were centrifuged (Heraeus, Axeb, Denmark) at 4600×g for 10 min at 4°C. From each of the soil extracts, 1000 μl was filtered using PTFE syringe filters (0.22 μm) (Mikrolab Aarhus A/S, Denmark) and transferred to LC-MS vials. The extracts were then derivatized with the AccQ•Tag Ultra Derivatization Kit (Waters Corporation) according to the manufacturer's protocol. The derivatized samples were analyzed for the presence of . The column temperature was set to 55°C, and the sample injection volume was 1 μl. Mass spectrometric detection was performed in multiple reaction mode (MRM). Retention times and MRM transitions (Q1/Q3) are listed in Online Resource 1. The compounds of interest were analyzed using SCIEX Analyst 1.6.2 software. The presence of Asn, Asp, Gln, Glu, N-Glu (95 %), and NH 4 Cl (99 %) (Sigma-Aldrich, Denmark). The calibration curves of the unlabeled standards-Asn, Asp, Gln, Glu, and NH 4 -were prepared from authentic standard compounds in the range of 0.001-5 pmol μl −1 (≈0.07-70 μmol kg −1 soil DW). The peak area of each standard was divided by the peak area of the internal standard (norvaline). The normalized peak area of the standards was plotted against the standard concentration (pmol μl −1
) that was entered in 1 μl on the column. A linear function was applied to the calibration curves. To determine the concentrations of the amino acids and ammonium in the samples, the peak area was normalized using the peak area of norvaline and calculated using the regression equations from the calibration of the standards. The minimum level at which each of the amino acids could be reliably quantified was determined by the limit of detection (LOD). Based on the background noise level, the LOD was defined as the concentration of the analyte that generated a signal equal to two times the background noise. For the amino acids quantified in the soil samples, LOD was in the range from 0.0002 to 0.0009 pmol μl −1 (Online Resource 1). Recovery experiments were performed to evaluate the efficiency and the reproducibility of the analytical method. For the recovery of Asn, Asp, Gln, and Glu, 4.4 g of soil was adjusted to 50 % of water holding capacity (WHC) and spiked with low and high concentrations of the respective amino acid standard. For the low concentration, 5. 
Results and discussion
The concentration of 13 C 4 15 N 2 -Asn in soil decreased with time both at the low (100 μM) and high (1000 μM) concentration treatments (Fig. 1a, c) (Fig. 1b, d ). Goodness of fit of the kinetic models was evaluated by inspection of the curve, residuals, degrees of freedom (DF), adjusted R 2 , and confidence intervals ( Fig. 1 and Table 1 ). Among three tested models, the SFO model resulted in the best fit, but the two concentration treatments gave markedly different rate constants (k values). The k value was four times greater for 13 C 4 15 N 2 -Asn applied to soil at 100 μM than when supplied at 1000 μM (Table 1) suppose that the enzymatic capacity of the microorganisms was not exceeded and the kinetics was a true first-order process. At the high concentration, saturation probably occurred and the rate of degradation depended on the number of organisms able to degrade the substrate and on its concentration (Okpokwasili and Nweke 2006) . It is concluded that 13 C 4 15 N 2 -Asn was rapidly degraded in soil when supplied at rhizosphere-relevant concentrations (100 μM). Moreover, the concentration of unlabeled Asn remained constant (Online Resource 2), indicating that there must have been a balance between formation and disappearance of Asn in soil.
Three ( (Fig. 2) . It has been proposed that the rapid utilization of amino acids by soil microorganisms is caused by microbial C limitation, rather than N limitation (Farrell et al. 2014b ). Perhaps, (Fig. 2) . Interestingly,
13
C 5 15 N-Glu was also detected in the soil. In the 100-μM treatment, it was in trace amounts below the LOD (Fig. 2b) , but in the 1000-μM treatment its accumulation after 90 min was confirmed (Fig. 2e) . It is difficult to unambiguously explain its formation in soil and link to 13 C 4 15 N 2 -Asn metabolization. One likely pathway could be the N 2 -Asn in soil can be transformed rapidly and used for production of even greater molecules. Furthermore, compound-specific analysis facilitates tracing the molecules that result from those transformations. Such knowledge is important to know to understand amino acid pool available for plant uptake.
The conclusion from these results is that the 13 C 4 15 N 2 -Asn dissipates rapidly in soil with half-life of the intact amino acid equal to t½ = 55 min, at the 100-μM treatment. The direct analysis of intact molecule kinetics gives assessment of how much compound is actually present in soil at a time, which has to be considered when determining plant ability to absorb intact amino acids from soil. Furthermore, the detection of 
